ABSTRACT Atemoya, a hybrid between Annona squamosa (L.) and A. cherimola Miller (Annonaceae), has potential to be a major fruit crop in tropical and subtropical areas. A major setback to fruit production throughout the world is low fruit-set because of inadequate pollinator visits, typically Nitidulidae beetles. We identiÞed beetle visitors to atemoya ßowers in an orchard in Puerto Rico and used Universal moth traps to monitor the attractiveness of two commercially available Nitidulidae lures. The most common visitors to atemoya ßowers were an unidentiÞed Europs species (Coleoptera: Monotomidae), followed by Loberus testaceus (Coleoptera: Erotylidae), neither of which have been previously reported as visitors to Annona ßowers. The commercial lures attracted few or no beetles when used separately, but attracted a large number of beetles, especially Carpophilus dimidiatus (Coleoptera: Nitidulidae) and Europs, when used in combination. This attraction is synergistic and increases with dose at the doses assayed (0 Ð 4 lures), and decreases over time with Ͼ50% of trap captures occurring in the Þrst week and no beetles collected after 5 wk. This is the Þrst report of aggregation pheromone lures in nitidulids acting synergistically to attract other species, including beetles not in the Nitidulidae. The results are discussed as they pertain to increasing fruit set, as well as the potential for altering fruit size and shape in atemoya.
California. In Australia, James et al. (1994) demonstrated that, in addition to C. hemipterus, C. mutilates, and U. humeralis, aggregation pheromones of C. hemipterus attracted C. davidsoni (Dobson) and that C. mutilatus and C. davidsoni were both attracted to the aggregation pheromones of C. mutilatus. In Þeld trials in Ohio, Williams et al. (1995) demonstrated that C. brachypterus (Say) and C. hemipterus were mutually attracted to each otherÕs aggregation pheromones. C. lugubris was signiÞcantly attracted to the pheromones of C. obsoletus and C. hemipterus, and weakly attracted to pheromones of C. nepos and C. brachypterus (Williams et al. 1995) . C. nepos responded weakly to pheromones of C. mutilatus, whereas C. antiquus (Melsheimer) was attracted to pheromones of C. lugubris (Williams et al. 1995) . Colopterus species, which are unrelated taxa in a different subfamily, responded to the pheromones of C. lugubris, C. hemipterus, and C. brachypterus (Williams et al. 1995) . The pheromones of C. lugubris have also attracted C. corticinus, C. marginatus, C. marginellus, and C. sayi (Williams et al. 1995) . In many cases, responses to pheromones of other species may be explained by common pheromone components (Williams et al. 1995) , though there is evidence that C. antiquus uses C. lugubris pheromone as a kairomone (Bartelt et al. 1993) . Most species of Carpophilus and Colopterus exhibit similar preferences for fermenting substrata that enable the successful development of larval life stages, as well as adult feeding. Thus, cueing into the aggregation pheromone of other taxa with similar, if not identical, habitat preferences for optimal development of a life stage would increase the survivorship and subsequent reproductive output of populations of that species.
Because several potential nitidulid pollinators of atemoya have been reported from Puerto Rico, and it is common for multiple species of nitidulid to respond to a particular nitidulid pheromone, the authors chose to test the attractiveness of commercially available nitidulid lures in atemoya orchards in a series of experiments. Our objectives were to 1) identify visitors to Annona spp. ßowers, and 2) determine if commercially available nitidulid lures attracted known nitidulid pollinators to atemoya orchards.
Materials and Methods
The experimental site, located at the U.S. Department of AgricultureÐAgriculture Research Service (USDAÐARS)-Tropical Agriculture Research Experiment Station in Isabela, PR, is comprised of an orchard possessing 13 atemoya and other Annona hybrids planted in three blocks with two trees of each variety in each block. Each block was surrounded by a row of Annona squamosa L. (Annonaceae). The orchard was planted in May, 2001 , and the trees were 10 yr old at the time of the experiments.
In Florida, visits by beetles to ßowers typically occur while the ßower is in a female phase, with peak entry in atemoya between 07:00 and 09:00 hours (Nadel and Peñ a 1994). Beetle visitors often remain in the ßower until it has senesced, which may not occur until 22 h later (Nadel and Peñ a 1994) . Atemoya ßowers have thick, stiff petals that shelter visiting beetles. To assess and identify visitor populations in atemoya, ßowers were collected between 09:00 and 11:00 hours from each block on a weekly basis between 28 March 2011 and 6 June 2011. All collected ßowers were placed in labeled plastic vials and returned to the laboratory and inspected for visitors the following day after storage in the freezer (Ϫ5ЊC). All collected ßow-ers were inspected under a dissecting microscope and the number of visitors associated with each ßower were recorded, identiÞed and labeled. Approximately 37% of collected ßowers were identiÞed as being in male phase, as evidenced by free pollen.
Ten universal moth traps (Great Lakes Integrated Pest Management [IPM] , Vestaburg, MI) were hung in each block of the orchard. Each trap was assigned a lure treatment (dusky sap beetle lure [Great Lakes IPM] ; date plus Þg blend [Great Lakes IPM] ; or an equal number of both lures); and a speciÞc dose treatment (zero lures, one lure, two lures, or four lures; combination treatments were baited with one of each, two of each, or four of each lure). The dusky sap beetle lure is speciÞcally designed to attract C. lugubris; whereas the date plus Þg blend lure is speciÞcally designed to attract C. hemipterus, C. mutilatus, and C. freemani. Each treatment was replicated three times and the entire experiment was repeated twice, once in 2011 and once in 2012. The universal moth traps were Þlled one-thirds with water and a drop of dish detergent (a surfactant to break the surface tension of the water that would allow the beetles to sink). Traps were monitored weekly for beetles until visitations ceased. Beetles were stored in alcohol and subsequently identiÞed by A.R.C., an authority on Nitidulidae, and cucujoid beetles in general. Voucher specimens were deposited in the University of Puerto Rico, Mayaguez Campus, in the Department of Biology Arthropod Collection.
The mean number of beetles trapped for the duration of the experiment each year was compared among treatments within doses, years and beetle species using analysis of variance (ANOVA) (SAS Institute 2003) . Where appropriate, means were separated using Fisher Least SigniÞcant difference (least signiÞ-cant difference [LSD] ) procedure. To demonstrate the nature of the interaction when the lures were combined, that is, whether combining lures had an additive, antagonistic, or synergistic effect on beetle attraction, we used a 2 analysis to compare the expected number of beetles trapped to the observed number of beetles trapped in the treatments with the combined lures (see Nishimatsu and Jackson 1998, Garcṍa et al. 2011) . The 2 value was obtained using the formula 2 ϭ (number of beetles in the combined lure traps Ð the expected number of beetles) 2 /the expected number of beetles. The value of the expected number of beetles trapped was determined by summing the number of beetles, within species, trapped in the control traps (unbaited) and in the traps baited only with the dusky sap beetle lure and in the traps baited only with the date plus Þg blend lure. Interactions were deemed additive if the 2 value was equal to or Ͻ3.84 (the 2 value at df ϭ 1 and ␣ 0.05). Interactions were deemed antagonistic if the expected number of beetles was greater than the observed number of beetles in the traps with combined lures and the 2 value was Ͼ3.84. Interactions were deemed synergistic if the expected number of beetles was less than the observed number of beetles in the traps with combined lures and the 2 value was Ͼ3.84.
Results
Flower Visitors. In total, 721 ßowers were collected. Of these, 112 (Ϸ16%) contained arthropod visitors, and of these 102 ßowers contained beetle visitors. Forty of the coleopteran visitors were identiÞed as an unknown, likely new species of Europs (Coleoptera: Monotomidae). Thirty three specimens were identiÞed as Loberus testaceus (Coleoptera: Erotylidae). Nineteen were identiÞed as Epuraea luteola (Coleoptera: Nitidulidae). Other beetles collected in ßowers included another unknown, likely new species of Europs (Þve collected), one likely new species of Brachypeplus (Coleoptera: Nitidulidae), three Carpophilus dimidiatus, and one scolytid. The bark beetle is likely an incidental capture, as there is no conclusive data linking these beetles to nitidulid pheromones. The Europs species was equally abundant in male and female phase ßowers, but L. testaceus and E. luteola were more frequently found in male ßowers than female ßowers, and male ßowers often contained more than one individual.
Lures. There were 514 beetles captured in the Universal moth traps. Of these, 249 were identiÞed as C. dimidiatus, 169 were identiÞed as Europs sp., and 45 were identiÞed as Brachypeplus sp. (Table 1 ). The remainder included 12 staphylinids, 6 coccinellids, 6 bostrichids, 4 scolytids, 1 Urophorus humeralis, 1 mordellid, and 7 unidentiÞed beetles. Only three beetles (a bostrichid, a Europs sp., and a scolytid) were collected in unbaited traps used as controls.
The unbaited control traps and the traps baited with dusky sap beetle lure caught fewer beetles than other baited traps (Tables 1Ð 4) . The sap beetle lure caught the fewest beetles of the baited traps, with the date plus Þg blend lure catching a few more (Tables 1Ð 4) . The combination of dusky sap beetle lure and date plus Þg blend attracted the most beetles, and for C. dimidiatus and Europs the response was dose dependent (Tables 3 and 4) . Furthermore, the attraction of the baits diminished rapidly over time, with most beetles caught in the Þrst and second weeks of the trial (Table 5) .
The type of lure or lure mixture did not affect the number of Brachypeplus trapped except at the highest dose (4ϫ) in 2012 (F ϭ 5.42; df ϭ 3, 8; P ϭ 0.0249) ( Table 2) . Traps with combined lures caught signiÞ-cantly more C. dimidiatus than traps baited with the single lures or unbaited traps at all doses both years Means within a column and year followed by the same letter are not signiÞcantly different (LSD; ␣ ϭ 0.05). If no letters are present in a column, no signiÞcant differences were detected for that comparison. All data summed from three traps checked over 5 wk. Means within a column and year followed by the same letter are not signiÞcantly different (LSD; ␣ ϭ 0.05). If no letters are present in a column, no signiÞcant differences were detected for that comparison. except the 2ϫ dose in 2011 (F ϭ 5.47; df ϭ 3, 8; P ϭ 0.0243; F ϭ 54.64; df ϭ 3, 8; P Ͻ 0.0001; F ϭ 4.67; df ϭ 3, 8; P ϭ 0.0362; F ϭ 7.20; df ϭ 3, 8; P ϭ 0.0116; F ϭ 45.55; df ϭ 3, 8; P Ͻ 0.0001; for 1 and 4ϫ doses in 2011 and 1, 2, and 4ϫ doses in 2012, respectively) ( Table 3 ). The combined lures attracted signiÞcantly more Europs beetles than the other treatments at the 2 and 4ϫ doses in 2011, and at the 1 and 4ϫ doses in 2012 (F ϭ 4.14; df ϭ 3, 8; P ϭ 0.0048; F ϭ 5.95; df ϭ 3, 8; P Ͻ 0.0195; F ϭ 6.38; df ϭ 3, 8; P ϭ 0.0162; F ϭ 11.69; df ϭ 3, 8; P ϭ 0.0027; for 2 and 4ϫ doses in 2011 and 1 and 4ϫ doses in 2012, respectively) ( Table 4) .
In all cases where a signiÞcant 2 value was detected, the observed number of beetles in the traps containing both lures was greater than the expected number of beetles, indicating synergistic interactions between the two lures. The combined lures attracted Brachypeplus sp. in an additive manner at most doses in both years, that is, the observed number of beetles did not differ signiÞcantly from the number of beetles expected (Table 6 ). C. dimidiatus and Europs responded in a synergistic manner at the higher doses, though this varied for Europs between years (Table 6 ).
Discussion
Only 16% of all surveyed ßowers contained arthropod visitors, suggesting that naturally occurring visitation by pollinators may be insufÞcient for commercial fruit set, as was suspected by Blanche and Cunningham (2005) . To augment pollination, we suggest the use of commercially available nitidulid pheromones to attract known atemoya beetle pollinators into production orchards. The results of this study clearly demonstrated that C. dimidiatus, a known pollinator of atemoya (Peñ a et al. 1999) , responds in a dose-dependent manner to the combined lures, and that the combination of lures attracts two to seven times more C. dimidiatus than the sum of beetles attracted to individual lures. This attraction phenomenon also diminishes predictably over time. Because beetles associated with pollination may consume ßoral tissues, including developing carpels, the dissipation of a lureÕs attractiveness may be beneÞcial in the management of atemoya orchards. This dissipation of attraction activity also appears to be true for the Europs species, although the trend is less apparent. Peñ a et al. (1999) demonstrated that C. dimidiatus was attracted to its speciÞc pheromone but did not respond to the pheromones of C. mutilatus, C. freemani, C. lugubris, or C. hemipterus. Interestingly, neither the Europs species nor L. testaceus have been reported as visitors to Annonaceae ßowers in the Neotropics (Peñ a and Bennett 1995, Gottsberger 1999); however, our results indicate that both are naturally attracted to atemoya ßowers in Puerto Rico. Species of Europs have been collected on the blooms of various ßower-ing plants, including: Monstera Adanson (Araceae), Polyscias Forster and Forster (Araliaceae), and Dracaena Vandelli ex. L. (Asparagaceae); and one species has been previously collected on the fruit of an Annona species (see Bousquet 2003 for a review of the North American fauna). Most biological records for this genus are coincident with subcortical (under bark) conditions or fermenting habitats. Loberus, much like Europs, is also typically found in association with subcortical spaces or other places of fermentation and fungal activity (Downie and Arnett 1996, Carlton et al. 2000) , and one Nearctic species was conclusively shown to be a fungivore . As discussed by Saunders (2012) and Jü rgen et al. (2000), Annona species (SaunderÕs clade 12, group 4), including atemoya, receive most ßoral visitations by nitidulid beetles which are likely attracted by ßoral scents that possess a "fruit-like" proÞle. Because both Loberus and Europs are known to occur on ripe or decaying fruit, Means within a column and year followed by the same letter are not signiÞcantly different (LSD; ␣ ϭ 0.05). If no letters are present in a column, no signiÞcant differences were detected for that comparison. a fruit-like ßoral scent may be attracting these beetles as well as the nitidulids. Pollination in atemoya (or other Annona species) may proceed based on the presence of any similarly shaped small beetle, and attraction of several different species, or in this case families, may increase the chances of pollination and subsequent fruit set. Likewise, atemoya ßowers provide a site of thermogenesis where beetle visitors are able to more efÞciently feed, mate, and reproduce because of decreased energy needs to maintain internal body temperatures associated with digestion and muscle activity (Saunders 2012) . These ßowers, which have a partially enclosed pollination area, may also provide a refugia from parasitoids and predators, which would increase survivorship of adult beetles through decreased mortality, thereby increasing their attractiveness to various cucujoid beetles that typically exist in subcortical spaces or other conÞned areas. This phenomenon may be especially true for the nitidulid beetle L. insularis, which is known to visit atemoya ßowers and is host for a proctotrupid wasp (see Cline and Kinnee 2012 for a review of Lobiopa).
Our results demonstrate that commercially available lures may be used in conjunction with one another to attract pollinators into atemoya orchards. In Þeld trials in a California date garden, Bartelt et al. (1995) demonstrated that deploying multiple lures did not affect trap catch for C. hemipterus, C. mutilatus, C. freemani, or U. humeralis, but that combination pheromone lures were less attractive to C. obsoletus than its lure alone. Because C. obsoletus is an Old World species that was introduced into California in the 1900s is not known from atemoya producing regions, and does not have known associations with any Annonaceae, reduction or exclusion of members of this taxon should not be a consideration for atemoya pollination.
A key next step toward implementing a pollination augmentation strategy using pheromones in orchards is to determine whether placing the lures in atemoya orchards will increase fruit set, fruit size, and improve fruit shape. Nitidulid lures are usually deployed with fermenting bread dough (e.g., James et al. 1997 , Lin et al. 1992 , Williams et al. 1995 , or other food cues (James et al. 1998 ) so this aspect of pollinator augmentation needs to be investigated to determine if these supplements are needed or not. Furthermore, the role of ßoral odors and their interaction with lures in the attraction of pollinators merits further study. Lures can also be used to monitor the phenology of potential nitidulid pollinators (James et al. 1994) and ensure that beetles are present when trees are ßow-ering. A monitoring phase in conjunction with a pollinator augmentation phase would provide a mechanism for determining prepollination populations of potential nitidulid pollinators within and around orchards, and provide orchard managers with data to enable them to make decisions on how many and where to deploy lures. Likewise, providing a suitable larval substrate for pollinators in or around orchards after pollination activities are no longer needed would help guarantee the presence of nitidulids in the agroecosystem for the next ßowering cycle. Many species of Carpophilus are able to successfully develop on artiÞcial diets and/or fermenting substrates (even compost piles) that could be made available at a minimal cost to orchard farmers, which would help sustain beetle breeding populations in atemoya orchards.
